Protein S-acylation is a major posttranslational modification whereby a cysteine thiol is converted to a thioester. A prototype is S-palmitoylation (fatty acylation), in which a protein undergoes acylation with a hydrophobic 16 carbon lipid chain. Although this modification is a well-recognized determinant of protein function and localization, current techniques to study cellular S-acylation are cumbersome and/or technically demanding. We recently described a simple and robust methodology to rapidly identify S-nitrosylation sites in proteins via resinassisted capture (RAC), and provided an initial description of the applicability of the technique to S-acylated proteins (dubbed Acyl-RAC). Here we expand the Acyl-RAC assay, coupled with mass spectrometry-based proteomics, to characterize both previously reported and novel sites of endogenous S-acylation. Acyl-RAC should therefore find general applicability in studies of both global and individual protein S-acylation in mammalian cells.
INTRODUCTION
Protein cysteine residues undergo a wide variety of chemical reactions owing to thiol nucleophilicity and redox-reactivity. These include S-nitrosylation (1, 2) , S-prenylation (3, 4) and S-acylation (5, 6) , which involve the adduction of nitroso, isoprenyl (thioether) and acyl (thioester) moieties, respectively. Within mammalian cells, an important type of S-acylation involves S-palmitoylation (the attachment of a 16 carbon fully saturated lipid moiety). Spalmitoylation has been shown to significantly impact protein function and localization, largely via modulating membrane affinity and protein stability (7-9). In contrast to the stable thioether linkage of S-prenylation, the thioester linkage of S-acylation confers a reversible and dynamic nature on this modification, and many recent efforts are shedding light on how this modification is regulated (8-11).
There are a variety of methodologies to detect protein S-acylation/palmitoylation in intact cells. A well-established method involves incubating cells with 3 H-palmitate, followed by autoradiography to visualize the degree of isotopic incorporation. However, this approach requires high levels of 3 H-palmitate (as much as several mCi per sample) and exposure times on the order of weeks (12, 13) . More recent methods have cleverly circumvented these issues by employing non-radioactive derivatives of palmitate, which can be enriched or detected via cycloaddition reactions (a.k.a. "click chemistry") (14) (15) (16) (17) . Nonetheless, these "palmitate-centric" approaches are encumbered by i) the need for radioactive or chemically modified palmitate analogues, ii) likely bias for proteins that undergo rapid palmitate turnover vs. proteins that are more stably palmitoylated, iii) difficulty in detecting individual S-acylated proteins or their specific sites of S-acylation, and iv) inability to detect proteins that are acylated with moieties other than palmitate (e.g. shorter, longer or unsaturated lipid chains). OpenBiosystems. These three cDNAs were amplified by PCR and subcloned into pIRES-puro3 
On-Resin Trypsinization and Mass Spectrometric Analysis of S-acylated Sites -This
procedure was performed essentially as described (23), but is fully detailed in the Supplementary Information.
RESULTS

Application of the Acyl-RAC technique using purified bovine brain membranes -The
Acyl-RAC assay is chemically analogous to the ABE, although it replaces the biotinylation/avidin pulldown step with the use of direct conjugation to resin containing thiolreactive thiopyridinyl groups ( Figure 1 ). This strategy is advantageous for examining cysteinebased modifications because it is rapid and economical, and it allows the resin-immobilized proteins to be processed conveniently with virtually any chemical or enzyme treatment except reductants (which would drive elution). As shown in Supplementary Fig. 1 , Acyl-RAC was applied to examine S-acylated proteins in bovine brain membranes, which are known to be rich in S-palmitoylated proteins. A number of proteins were readily detected by Acyl-RAC, in a hydroxylamine-dependent manner, via Coomassie staining of eluted proteins resolved by SDS-PAGE. In addition, two S-palmitoylated proteins known to be present in brain, Gαz (25) and GAP-43 (26), were readily detected by immunoblot analysis of Acyl-RAC-captured proteins, and only if the samples had been treated with hydroxylamine to cleave endogenous thioesters. In contrast, synaptophysin, which is not a substrate for S-acylation, was not detected by Acyl-RAC.
Thus, the Acyl-RAC technique can be applied to the isolation and identification of S-acylated proteins in complex biological samples.
Application of Acyl-RAC to analysis of H-Ras, a model S-palmitoylated protein -To
further explore the utility of Acyl-RAC to detect S-acylation in an intact mammalian cell culture system, HEK293 cells were transfected with vectors encoding H-Ras, which is known to undergo S-palmitoylation on Cys 181 and Cys 184 (27) and S-farnesylation on Cys 186 (3, 4) . The highly modified C-terminus of human H-Ras is depicted in Figure 2A . As shown in Figure 2B , Acyl-RAC readily detected S-palmitoylation of H-Ras in a hydroxylamine-dependent manner.
Importantly, the C181/184S double mutant, which cannot undergo S-acylation, was not detected.
Further, since the C181/184S mutant continues to undergo S-farnesylation on Cys 186 (28), these results confirm the expected result that Acyl-RAC does not detect S-prenylated proteins (because the thioether linkage is not susceptible to hydroxylamine cleavage). Further confirmation that the protein species identified by Acyl-RAC are indeed S-acylated was provided by the observation that the degree of H-Ras S-palmitoylation was attenuated by incubation with 2-bromopalmitate (2-BP), a known inhibitor of S-palmitoylation ( Figure 2C ). Endogenous S-palmitoylated H-Ras could also be readily detected in the T24 bladder carcinoma cell line (Supplementary Fig. 2A ), in which the oncogenic G12V variant of H-Ras is known to drive the tumorigenic phenotype (29).
Although H-Ras is a highly studied prototype of S-acylated proteins, a more complex system was desired to verify the general applicability of Acyl-RAC. To that end, a membraneenriched fraction from HEK293 cells was pre-treated with either buffer or palmitoyl-CoA followed by analysis via Acyl-RAC and direct visualization of captured proteins via SDS-PAGE and Coomassie staining (Supplementary Fig. 2B ). Capture of cellular proteins was both augmented by palmitoyl-CoA pretreatment and dependent on NH 2 OH during the assay, demonstrating that Acyl-RAC can detect a range of S-palmitoylated proteins. Table 1 ). Of the 88 identified peptides, 84 contained at least one Cys residue (the database search was not restricted to Cys-containing peptides, and therefore provided another internal control). As an example, data obtained from the α-subunit of the heterotrimeric G-protein Gs, which is palmitoylated on the N-terminal Cys 3 (30, 31), are shown ( Figure 3A ). This N-terminal peptide containing Cys 3 was identified by MS-coupled identified in the analysis. These data further validate the utility of Acyl-RAC for identifying sites of S-palmitoylation in intact cells.
Mass spectrometry-coupled Acyl-RAC for identification of S-acylation sites
Several other established sites of S-acylation that were identified via the use of Acyl-RAC are shown in Figure 3B . These sites include Cys 9 and Cys 10 within the α-subunit of the heterotrimeric G-protein, G11 (32), Cys 181 and Cys 184 of H-Ras ( Fig. 2A and B and (27) 
Validation of novel S-acylated targets identified via MS-coupled Acyl-RAC -To examine
the fidelity of the MS-based identifications of S-acylation sites from Acyl-RAC-captured proteins, three candidate proteins that were not previously studied in the context of S-acylation were selected for further analysis: the β-subunit of the protein translocating system (Sec61b), ribosomal protein S11 (Rps11) and microsomal glutathione-S-transferase 3 (MGST3). These three proteins, and mutants of each in which the identified S-acylated Cys had been changed to a Ser residue, were expressed in HEK293 cells. Cells were transfected with the respective HAtagged constructs, and they were analyzed by Acyl-RAC with anti-HA immunoblotting. As shown in Figure 3C , Acyl-RAC captured all three proteins in a hydroxylamine-dependent fashion, whereas mutation of the putative acylation sites abrogated their detection by Acyl-RAC.
These findings confirm the fidelity of Acyl-RAC in detecting both known and novel sites of Sacylation in intact cells.
DISCUSSION
Fatty acylation of proteins is increasingly recognized as a regulator of protein localization and facilitator of signaling from cellular membranes (8-11, 35). Given the broad range of proteins that are known to undergo S-acylation (e.g., heterotrimeric Gα isoforms, H-Ras, N-Ras, Src family members, G protein-coupled receptors), substantial effort has been focused on understanding the mechanisms and biological consequences of S-acylation. These efforts will be aided significantly by the development of efficient tools for detecting S-acylated proteins and the sites of modification. Here we have described in detail and validated the Acyl-RAC methodology, which efficaciously detects endogenous S-acylation. Notably, the Acyl-RAC procedure can be completed in an afternoon and is fully compatible with modern proteomic methodologies to unambiguously identify proteins and their sites of modification.
The Acyl-RAC methodology should help provide new insight into the dynamics of Sacylation. The major advantage of the Acyl-RAC, however, is the simplicity by which it can be performed. Compared to the ABE, Acyl-RAC employs far less procedures, thus minimizing the number of steps at which mistakes might inadvertently occur. In so far as the Acyl-RAC is analogous to SNO-RAC, one would expect the Acyl-RAC to be similar with regards to sensitivity to the ABE (except for high molecular weight proteins, where resin-based approaches like Acyl-RAC and SNO-RAC are likely superior) (23) .
In combination with metabolic labeling approaches (e.g., 3 H-palmitate), Acyl-RAC can provide a powerful approach to the analysis of dynamic fatty acylation. It should be emphasized Cells were subjected to Acyl-RAC and analyzed by immunoblotting for H-Ras. 
